Abstract. Changes in the polysaccharide composition of Phaseolus vulgaris, P. aureus, and Zea mays cell walls were studied during the first 28 days of seedling development u-sing a gas chromatographic method for the analysis of neutral sugars. It is currently believed that growth and elongation of plant tissues are dependent upon changes in the molecular structure of the cell wall. These alterations permit relaxation of the wall with con-
It is currently believed that growth and elongation of plant tissues are dependent upon changes in the molecular structure of the cell wall. These alterations permit relaxation of the wall with concomitant tissue expansion and also lead eventually to stabilization of structure in the secondary wall. One of the many functions attributed to the plant cell wall is its role as a barrier between the cell and its external environment, a defense which must be penetrated in pathogen infection. It is known that many plant pathogens attack tissues only at certain stages of development (4, 7) . Furthermore, pathogens are known to produce potent polysaccharide degrading enzymes (5, 14, 21, 22) . In light of these observations, we were interested in examining the characteristics of wall development during the periods of maximum pathogen susceptibility.
During development, plant cell walls undergo conspicuous changes in structure and form as they elongate, differentiate and mature. In general, these changes in "macro-structure" have been correlated with the development of the cell wall into a static mechanical element at functional maturity. Recently, 1 considerable effort has been devoted to understanding the nature of the developmental changes involved in molecular terms. Since in bacteria many surfacerelated phenomena, e.g. bacteriophage recognition, are properties of the specific molecular organization of the wall and its associated structure (6) , we wished to learn whether such molecular specificity was also a general characteristic of the cell walls of higher plants. Our working hypothesis was that a programmed biosynthetic sequence would give rise to a consistent developmental pattern of plant cell wall biogenesis and result in a precise molecular composition of the wall during growth.
It is known that the chemical structure of the cell walls of higher plants is very complex (1, 2) , and it has recently been demonstrated that, like the bacterial cell wall, the walls of higher plants exhibit polysaccharide specificity (16 
Materials and Methods
Plants utilized in this studv include common bean (Phascolus vulgaris L. var. 'Red Kidney', 'Pinto', and 'Small White'), mung bean (Phaseolus aureus Roxb.) and corn (Zea mays L. var. 'Golden Rocket'). Growth conditions have been described previously and are only briefly reviewed here (16) . Seeds were surface sterilized by immersion for 15 minutes in a 0.5 % sodium hypochlorite (10 % "Clorox") solution and planted in a bed of moist vermiculite. The vermiculite was kept moist with a one-half strength Hoagland's nutrient solution (8) , and the seedlings were maintained at a temperature of 25 + 20 and illuminated by "Grow Lux" fluorescent lamps using a 14 hour photoperiod in a 24 hour cycle ( 16) .
Tissue was collected for wall analyses beginning on the fourth day and continuing at irregular intervals until the twenty-eighth day after planting. The sampling frequency was coordinated with the rate of hvpocotvl expansion in order to obtain more samples dturing the period of rapid elongation. The bean plants were subdivided into 4 basic parts: roots, hypocotyls, first internodes, and leaves. Corn plants were divided into roots and individual leaf lamina; leaf sheaths and internodes were not included. (Only the analytical results for the first leaf produced by the corn seedlings are reported here, however.) Other details of the harvesting procedure have been described (16 respectively. Hypocotyl elongation in P. vulgaris varieties occurred primarily between the fifth and seventh dav in the 'Small White' variety, while in the 'Pinto' and 'Red Kidney' varieties this was observed to take place from the fifth to the eighth days and the fifth to tenth days, respectively. First internode elongation in these 3 varieties followed a developmental pattern similar to that observed with hypocotyl growth, i.e., the 'Small White' variety completed its elongation before that of the 'Pinto' and 'Red Kidney' varieties. Leaf growth in these plants was estimated from the increase in area of individual primary leaves (fig 3) . Using these measurements of physical expansion as quantitative estimates of growth, a hierarchy of maturation rates was observed under the environmental conditions employed, with the 'Small White' variety maturing first, the 'Pinto' variety second, and 'Red Kidney' variety being the slowest to mature. It was also clear that in the tissues studied, expansion was essentially complete before the twenty-eighth day.
In contrast to the observations on the P. vuiqaris varieties, P. autreuis hypocotvls were observed to elongate during a very limited period (2 days, fig 1) , while elongation of the first internodes continued over a longer period (13 days, fig 2) . It should be noted that in the case of P. aureuis one-half of the leaflet expansion was completed bv the time of the first sampling (day 7, fig 3) .
Cell Wall Polysaccharides. The changes in the neutral sugar composition of bean cell wall polysaccharides during the first 28 days of growth are illustrated in figures 4, 5, 6 and 7. It is obvious from these results that large changes in the cell wall polysaccharides do take place during early growth. Not only are there changes in the relative amounts of the various sugars during this period, but there are significant differences as well in the amounts of the total wall material which are liberated as neutral sugars by acid hydrolysis. Cell walls of 'Pinto' bean hypocotyls (fig 5-C For a species, the changes in the levels of the various sugars of the wall polvsaccharides during growth followed similar patterns within a given tissue, although some differences associated with varieties were noted. It should be emphasized that varietal differences were not so much evident in the general pattern of change as they were in the rates of change in sugar composition. This is evident from the data presented in figure 9 .
Several consistent patterns of polysaccharide alteration are apparent in cell wall development. One of these is considered in detail. By comparing the changes in hypocotyl cell wall composition of the 3 varieties of P. vulgaris and the single variety of P. aureuts as shown in figures 4C, 5C, 6C and 7C, one observes that galactose, glucose and arabinose are the predominant sugars in the wall before rapid elongation, but that the relative amounts of these sugars decline with age, although at quite different rates. Xylose, on the other hand, constitutes a rather small fraction of the total neutral sugar found in the wall of young tissues, but the amount of this sugar in the wall increases during However, all of the observed changes cannot be attributed to a dilution effect. This is evident from calculations based on the data of figure 4-C ('Red Kidnev' hypocotyl cell walls). \Ve find that between days 8 and 10 glucose content decreases at a rate of 0.4 mg h-lg-1 dry weight of wall material. The galactose level decreases at a rate of 1.9 mg h-lg-' dry wveight of wall material, and arabinose content declines during the same period at a rate of 0.3 mg h-lg-1 dry weight of wall material. While the levels of all 3 of these sugar components are decreasing, they do so at differing rates. Obviously, dilution effects have superimposed upon thenm the effects of different rates of incorporation and/or removal of various polysaccharide components of the wall. The very rapid decline in galactose during the 8 to 10 day period is of interest, as similar effects have been observed during the elongation of pea stem segments (13) and during cell wall growth in the xylem of various trees (20) . Although it has been suggested that the decline in galactose content is due to an enzyme of the galactanase type (13) , direct evidence for the existence of such an enzyme associated with plant cell walls has not been reported. In view of several recent reports (10, 11, 12) , the rapid decline in the glucose content of young tissues is of particular interest. We have noted that, in most instances, a glucose-containing polvmer was the predominant polysaccharide, accounting for from 25 to 50 % of the total wall material, of cell walls in tissues prior to elongation. A large proportion of glucan has also been observed in the non-cellulosic wall polysaccharides of non-elongated oat coleoptiles (17) . The only tissues in which we did not observe a large amount of wall glucan were P. autreus leaves (fig 7-A) and P. auireuis roots (fig 7-D) . However, at the time of the initial harvest, these leaves were already about one-half expanded (fig 3) , and it seems likely that the glucose content of these walls had already undergone the sharp decline by this time. Sycamore cells grown in suspension culture also lack the large amounts of glucan (16) which seem to characterize the cell walls of young plant tissues. Glucose is the onlv sugar constituent of corn root walls which undergoes any major quantitative change during growth. In the young tissue, this substance, at least in a functional sense, may be a form of "cellulose", although it does not exhibit the acid resistance which characterizes the cellulose of the mature wall. Evidence has recently been presented which indicates that the incorporation of "cellulose" into young cotton fibers is bi-phasic in nature (11) and that quite different degrees of polymerization characterize the 2 products.
Another possible explanation for the high glucose content observed in the tissues of young plants is that of contamination of the wall preparations with starch, an acid labile a-1,4-glucan. However, treatment of the wall preparations with a-amylase had no detectable effect upon the amounts of glucose which were subsequently liberated by acid hydrolysis of the walls. In light of this observation, we conclude that the glucose-rich polysaccharide is not a--1-4-linked, and that it is probably an integral part of the wall structure.
During the early stages of elongation the amounts of glucose present in the wall decline rapidlv. Referring again to the data of figure 4-C, one notes that the rate of this decline averages 2.3 mg h-1g-1 dry weight of wall material from the fourth throtugh eighth days. An even more striking example of decreasing glucose content is seen in the hypocotyls of 'Pinto' beans ( fig 5-C) in which, during the same 4 day period, the decline averaged 5.0 mg h-lg-l dry weight of wall material. A similar decrease in the glucose content of the "hemicellulose" fraction has also been noted following the auxininduced elongation of oat coleoptiles (17) . While it is conceivable that the decline in glucan level, characteristic of young seedlings, is the result of rapid conversion into some other substance, the enzymic degradation and removal from the wall of this material is of equal plausibility. The results of a recent study of wall autolysis in corn indicate that the substrates of the autolysis were exclusively glucans (10) , implying that the autolytic cleavage of these gluicans represents a native enzymatic process which could contribute to wall relaxation during growth. The results of another recent study, in which non-elongated oat coleoptiles were treated with /3-1,3-glucanase is also of interest in this regard ('12). Such enzyme treated coleoptiles were observed to elongate to the same extent as those treated with auxin. It would be of interest to establish whether the glucose-rich polymer observed in our studies constitutes a specific substrate for such glucanases.
In addition to those polysaccharide components which decline during growth, the levels of certain sugar components increase during the growth process. In most tissues studied, the galactose levels increase initially, attain a peak, and subsequently decline. The occurrence of tenmporally controlled incorporation of galactose into a mucopolvsaccharide, and of the time-dependent appearance and disappearance of a UDP-galactose :polysaccharide transferase ennvme has been observed during stalk development in the slime mold, Dictvosteliiumii discoideumiii (18, 19) .
More germane to the observation under discussion is the report of a UDP-galactose :polvsaccharide transferase system in the root and hvpocotvl tissues of dark-grown P. auircus which exhibits maximum activity at a seedling age of 4 to 5 days (15) . Our data demonstrate that galactose is most abundant in root and hypocotyl cell walls at the age of 4 to 5 days, suggesting that the reported galactose transfer system is the one responsible for the increased galactan content of these cell walls.
The other neutral sugar which markedly increases in concentration during elongation is xvlose, although the rise in this case begins much later than that in galactose content. Rhamnose. fucose and mannose, which are found in relatively small amounts in the wall, are generally more abundant prior to or during the period of maximum elongation (table I) . At least a fraction of the wall mannan is probably bound in linkages which are resistant to the acid hydrolysis treatment employed. Hence, changes in the relative content of this sugar may not be fully detected by our method.
Two interesting deviations from the normal developmental pattern of wall polysaccharides were disclosed in this study. Of particular interest is the apparent absence of an increase in the xvlose level of leaf cell walls. The kinetic pattern of wall formation confirms the observation that xvlose is present in low concentrations in the mature walls of fully expanded leaves (16) . Another situation which might be considered unusual is the apparently continuous incorporation of arabinose into root cell walls throughout growth. It is clear from the data presented here that, within a given plant, the mechanisms for the regulation of wall biosynthesis are uniquely characteristic of the various organs.
Of particular relevance to our own interests is the observation that 3 varieties of bean (P. zulgaris) which are known to exhibit differential responses to a plant pathogen (7), undergo cell wall alteration at quite different rates. From the data on hypocotyl composition presented in figure 9 , one notes that by day 8 the 'Small White' variety has attained a "mature" wall composition while 'Red Kidney' takes until day 10 to 12 to mature. At days 4 and 18, however, the wlall compositions of the 3 varieties are quite similar. Arabinose, galactose and xvlose reflect the differing rates of change at the intermediate ages especially well. We have found that a particular bean pathogen, Colletotrichunm linden: uthianumii (Sacc. & Magn.) Brl. & Cav., to which these 3 bean varieties exhibit a differential resistance response, produces extracellular enzymes which liberate primarily arabinose, galactose. and xylose from the bean hypocotvl walls (unpublished data). It may well be that the differential susceptibility responses of these bean varieties are related to their respective abilities to grow rapidly through a cell wall configuration which could serve as an ideal substrate for these polysaccharide degrading enzymes. While such a hypothesis is attractive, it remains to be demonstrated that the enzymes produced by pathogens are indeed specific for these wall substrates, and that they are produced in sufficient quantity to attack the plant effectively during that period when the wall polysaccharides are most susceptible to enzymolysis. This enzyme-substrate interrelationship is presently under investigation.
